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Abstract.

Atomic-scale computer simulations have previously identified a deformation mechanism,
which becomes important in nanocrystalline metals with grain sizes below 10—15 nm.
Instead of proceeding through dislocation activity in the grains, the deformation occurs by
slip events in the grain boundaries, leading to a reverse Hall-Petch effect, i.e. a decrease in
hardness with decreasing grain size. In this paper, the consequences of this shift in
deformation mode are investigated for systems subjected to large strains in a cyclic
deformation pattern.

In most coarse-grained metals, severe plastic deformation leads to grain refinement. Indeed,
severe plastic deformation is often used to generate nanocrystalline metals with grain sizes
down to hundred nanometres. The simulations indicate that these processes are suppressed in
sufficiently small grains, and instead the sliding events in the grain boundaries dramatically
enhance diffusion processes, and lead to grain coarsening as the deformation proceeds.

1. Introduction.

One of the attractive properties of nanocrystalline metals is their much-increased
hardness compared to coarse-grained metals. The increase in hardness is caused by
the Hall-Petch effect [1,2], the hindering of the motion (and perhaps creation) of
dislocations by grain boundaries. There has been much controversy over the
behaviour at the smallest grain sizes, starting with the observations by Chokshi et al.
of a reverse Hall-Petch effect for the smallest grain sizes [3]. In particular, it is not
clear if the observed reverse Hall-Petch effect is caused by reduced sample quality at
the smallest grain sizes, or if it is indeed an intrinsic effect (for a discussion, see e.g.
Morris [4]). Computer simulations are one way to shed light on the behaviour of
nanocrystalline metals, in particular for the smallest grain sizes, where experimental
investigations are the most difficult. Computer simulations of nanocrystalline copper,
palladium and nickel have shown that a different deformation mechanism is active in
nanocrystalline metals with grain sizes below 10—15 nm [5,6,7,8,9,10,11]. At these
small grain sizes, the large density of grain boundaries essentially prevents dislocation
motion from being an efficient mechanism to relieve the stress. Instead, the metal
deforms by grain boundary sliding. This is possible as a significant fraction of the
atoms is in the grain boundaries. In this regime, decreasing the grain size leads to a
decreased hardness. It is thus clear that there must be a maximum in hardness at an
optimal grain size [12,13].

Until now, molecular dynamics simulations of plastic deformation in nanocrystalline
metals have focused on the early stages of plastic deformation (up to around 10%



strain.) In this work, the behaviour at larger strains is investigated, with the purpose
of investigating, how the grain-boundary mediated deformation mechanism influences
the behaviour at large plastic strains.

2. Simulation methods.

Samples of nanocrystalline copper are generated using a Voronoi construction: a set
of grain centres are chosen at random, and the part of space closer to a given centre
than to any other centre is filled with atoms in a face-centred cubic lattice with a
randomly selected crystal orientation. Periodic boundary conditions are applied in all
directions to mimic that the system is deep within the bulk of a larger sample. The
system studied here contains 100000 atoms in 16 grains, corresponding to a system
size of (10.6 nm)’ and a grain diameter of 5.5 nm. To allow unfavourable
configurations in the grain boundaries to relax, the system is briefly annealed by
running a 50 ps molecular dynamics simulation at 300 K. For further details, please
see ref. [6].

To evolve the system in time, a constant-temperature molecular dynamics simulation
is performed. The interatomic forces are described within the Effective Medium
Theory (EMT) [14,15]. To keep the temperature approximately constant, Langevin
dynamics [16] is used: a small friction and a fluctuating force are added to the
equation of motion of the atoms. While the simulation is running, the sample is
deformed at a constant strain rate by changing one of the dimensions of the unit cell,
while adjusting the two other ones such that the transversal components of the stress
remain zero. The time step of the simulation is 5 femtoseconds. The software used
for these simulations is freely available on the Internet as part of the CAMP Open
Software project [17].

A cyclic deformation pattern was chosen. The system is deformed under tension until
a nominal strain of 10% is reached, then the deformation direction is reversed and the
sample is compressed until a strain of -10% is reached, the deformation is then
reversed again and the sample is elongated back to the initial dimensions (0% strain).
These cycles are repeated multiple times.

3. Results.

Figure 1 shows a sample of nanocrystalline copper after 0, '%, 1, ..., 4 cycles of
deformation. The atoms are coloured according to the local crystalline environment,
using Common Neighbour Analysis (CNA) [18,19]. Atoms in local face-centred
cubic (fcc) structure are coloured white. Atoms in local hexagonal close-packed (hcp)
structure are coloured light grey. Two adjacent layers of grey atoms are an intrinsic
stacking fault, two grey layers with a single white layer in between are an extrinsic
stacking fault, and a single grey layer is a twin boundary. Atoms, which are neither in
fce nor hep structure, are shown in dark grey, these atoms are typically at grain
boundaries or dislocation cores. A few isolated dark atoms are seen, this is because
the thermal fluctuations interfere with the CNA algorithm used to identify the crystal
structure.



As the deformation proceeds, a few intrinsic stacking faults appear as partial
dislocations move through the grains. At later stages of deformation, extrinsic
stacking faults and twin boundaries also appear; these are caused by partial
dislocations moving on two or more adjacent slip planes. Yamakov et al. [20] have
recently described the appearance of deformation twins in simulations of
nanocrystalline aluminium, albeit with a quasi-two dimensional grain structure. As
previously reported [5,6], the observed dislocation activity in the grains only account
for a fraction of the plastic deformation, the majority occurs in the grain boundaries.

It is clearly seen from figure 1 that the grain structure gradually coarsens. The main
coarsening mechanism seems to be that some grains grow at the expense of others,
leading to a coarser grain structure with fewer, larger grains. Occasionally, low angle
grain boundaries between grains with similar orientation simply vanish as the grains
rotate into identical orientation. After three to four cycles, the grain size is
comparable to the simulation cell, and the simulation ceases to be a realistic model of
a nanocrystalline sample. As the system evolves further, the last grain boundaries
disappear, leaving a single crystal behind.

To investigate the mechanism behind this coarsening, the simulations were repeated
with different strain rates and temperatures. To compare the coarsening rates, figure 2
shows the number of atoms in a local environment, which is neither fcc nor hep. This
number correlates strongly with the total grain boundary area, as the far majority of
such atoms are found in the grain boundaries. Figure 2a shows the number of grain-
boundary atoms as a function of simulated time, figure 2b shows it as a function of
the number of cycles (or, equivalently, the accumulated strain). It is clearly seen that
the amount of strain required to achieve a given amount of coarsening is relatively
insensitive to both the strain rate and the temperature, within the ranges investigated
here. This shows that the strain is inducing the grain coarsening.

4. Discussion.

During the deformation, a large amount of mechanical work is done on the system.
Most of this energy is deposited in the grain boundaries, and one could speculate that
the observed coarsening is simply due to heating of the grain boundaries. However,
the thermal conductivity is relatively large, and the heat is quickly spread to the entire
grains (and then removed by the Langevin dynamics). During the simulation, the
temperature of the grain boundaries does not rise significantly over the average
temperature of the sample, so it does not seem likely that the coarsening is due to
local heating. To check this assumption, a simulation was performed without any
deformation. Instead, the same amount of energy was deposited directly into the grain
boundaries as thermal energy. This was done by increasing the fluctuating force in the
Langevin dynamics, but only for the atoms in the grain boundaries. No grain
coarsening was seen in this case, providing further evidence that the coarsening is
caused by the applied strain.

A sliding event consists of a few atoms moving from one position to another. Both
positions are local minima of the total energy of the system. This is illustrated in
figure 3, where the energy is shown as a function of a generalized reaction coordinate,



representing the collective motion of the involved atoms. As the strain is increased,
some minima are favoured over others, and at sufficient strain the system moves from
one minimum to another. Thermal vibrations may help overcome the last remaining
barrier, although the brief timescale of molecular dynamics simulations make such
thermally activated processes unlikely to happen until the barrier has become
comparable to the thermal energy (kT). At lower strain rates, inaccessible to
molecular dynamics, these same processes would occur earlier through thermal
activation, i.e. the system would shift from state A to state B in figure 3 already when
the strain has reached the level corresponding to the curve (b). This is the cause for
the weak strain rate dependence of properties such as the yield and flow stresses,
observed in previously published simulations of nanocrystalline metals [6]. It remains
an open question if different processes would occur if it were possible to do the
simulations with much lower strain rates. Simulations of nanocrystalline palladium
provide some evidence that this is not the case, by showing that the activation energy
of the grain boundary gliding is the same as for grain boundary self-diffusion [11].

The simplified view of the fundamental processes shown in figure 3 can also help
understanding the observed strain-induced coarsening. In many cases the main
difference between two nearby configurations, such as A and B in figure 3, is that one
(or perhaps a few) atoms in a grain boundary moves from a position corresponding to
a lattice position in one grain to a position corresponding to a lattice position in
another grain. If this reduces the total grain boundary area, that will give an
additional (small) reduction of the total energy of the system. In average, there will
therefore be a tendency to favour processes that reduce the grain boundary area,
leading to grain coarsening.

There does not appear to be any direct experimental observations of such a coarsening
process in nanocrystalline metals, but a similar effect has been observed in
nanocrystalline ceramics undergoing severe plastic deformation in a high-energy ball
mill. Merup et al. [21] studied the evolution of the grain size in nanocrystalline
samples of a-Fe,O3 and ZnS, and found that while the grain size decreased in samples
with a large initial grain size, it increased in samples with a sufficiently small grain
size, the critical grain size being around 15 nm. Since deformation mechanisms are
quite different in ceramics and metals, these experimental results cannot be taken as
direct evidence for the mechanisms reported here. However, from these simulations it
can be predicted that a similar effect should be seen in metals. Indirect experimental
evidence is also provided by the apparent impossibility to reach grain sizes below

50 — 100 nm when nanocrystalline metals are produces by equal channel angular
extrusion and similar methods involving severe plastic deformation (see e.g. ref. [4]).

5. Conclusion.

Molecular dynamics simulations have been used to investigate the behaviour of
nanocrystalline copper under cyclic deformation. A major part of the deformation
occurs in the grain boundaries. As a consequence thereof, the grain boundary
mobility is enhanced during the deformation, leading to grain boundary migration and
a coarsening of the grain structure. This effect will be dominating at small grain sizes,
at much larger grain sizes severe plastic deformation is known to cause grain



refinement. It is therefore predicted that there is an intermediate grain size, towards
which a system undergoing severe plastic deformation will evolve. This intermediate
grain size obviously depends on the material (including the presence of grain
boundary impurities), and is probably also weakly dependent on the deformation rate
and temperature.

Acknowledgements.

The author wishes to thank Prof. Karsten W. Jacobsen for fruitful discussions.
Support from the Danish Research Agency through grant no. 5020-00-0012 of the
Materials Research program is gratefully acknowledged. The Center for Atomic-scale
Materials Physics (CAMP) is sponsored by the Danish National Research Council.

1 E. O. Hall, Proc. Phys. Soc. London B64 (1951) 747.

2 N. J. Petch, J. Iron Steel Inst. 174 (1953) 25.

3 A. H. Chokshi, A. K. Mukherjee, and T. G. Langdon, Mater. Sci. Eng. R 10 (1993) 237.

4 D. G. Morris, Mechanical Behaviour of Nanocrystalline Material, Trans Tech Publications,
Switzerland, 1998.

5 J. Schietz, F. D. Di Tolla, and K. W. Jacobsen, Nature 391 (1998) 561.

6 J. Schietz, T. Vegge, F. D. Di Tolla, and K. W. Jacobsen, Phys. Rev. B 60 (1999) 11971.

7 H. Van Swygenhoven, M. Spaczer, A. Caro, and D. Farkas, Phys. Rev. B 60 (1999) 22.

8 H. Van Swygenhoven, Science 296 (2002) 66.

9 P. Heino and E. Ristolainen, Phil. Mag. A 81 (2001) 957.

10 V. Yamakov, D. Wolf, M. Salazar, S. R. Phillpot, and H. Gleiter, Acta Mater. 49 (2001) 2713.

11 V. Yamakov, D. Wolf, S. R. Phillpot, and H. Gleiter, Acta Mater. 50 (2002) 61.

12 T. G. Nieh and J. Wadsworth, Scripta Met. Mater. 25 (1991) 701.

13 S. Yip, Nature 391 (1998) 532.

14 K. W. Jacobsen, J. K. Nerskov, and M. J. Puska, Phys. Rev. B 35 (1987) 7423.

15 K. W. Jacobsen, P. Stoltze, and J. K. Nerskov, Surf. Sci. 366 (1996) 394.

16 M. P. Allen and D. J. Tildesley, Computer Simulations of Liquids, Claredon Press, Oxford, 1987.

17 http://www.fysik.dtu.dk/CAMPOS/

18 D. Faken and H. Jonsson, Comput. Mater. Sci. 2 (1994) 279.

19 J. D. Honeycutt and H. C. Andersen, J. Phys. Chem. 91 (1987) 4950.

20 V. Yamakov, D. Wolf, S. R. Phillpot, A. K. Mukherjee, and H. Gleiter, Nature Materials 1 (2002, in
press).

21 S. Mprup, J. Z. Jiang, F. Bedker, and A. Horsewell, Europhysics Letters 56 (2001) 441.



Figure 1: The evolution of a simulated sample of nanocrystalline copper during four
cycles of plastic deformation. The atoms are coloured according to the local
crystalline environment. Light grey atoms are at stacking faults and twin boundaries;
dark grey atoms are mostly at grain boundaries and dislocation cores. See text for
details. The first figure shows the initial configuration, the second shows the system
after 'z cycle of deformation, where the strain is back to 0%. The third picture is after
a full cycle, etc.
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Figure 2: The fraction of atoms in a disordered environment (mainly grain boundary
atoms) as a function of time (upper graph) and as a function of the number op
deformation cycles (lower graph). Three simulations are shown, performed at
different temperatures (T) or with different strain rates (¢”). Curve a (full line): T =
300 K, &’=5-10%s". Curve b (dashed line): T=300K, &’= 110’ s™. Curve ¢ (dotted
line): T = 50K, &’=5-10%s™".
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Figure 3: A sketch of the energy landscape, showing the total energy as a function of
a "reaction coordinate". There are two local energy minima, marked A and B. The
reaction coordinate represents a direction in the 3N-dimensional configuration space,
leading from configuration A to B. The energy landscape evolves from (a) to (b) to (c)
as the strain is increased; at (c) configuration A ceases to be a local energy minimum,

and the system spontaneously transforms to configuration B.



